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What this paper adds:
What is known:
• Epidemiological evidence suggests that long-term exposure to combustion-related air pollutants has adverse effects on health (which are more substantial than the effects associated with short-term exposures) but is limited by scientific uncertainties concerning exposure misclassification and potential confounding.
• There are scientific and policy requirements for cohort studies assessing air pollution health impacts in the UK to assess the appropriateness of extrapolation of findings from studies in the USA and European countries.
What this study adds:
• Associations between mortality and long-term exposure to black smoke air pollution observed in this study add to, and are generally consistent with, the limited observational evidence available to examine hypotheses of the extent to which air pollution may affect human health.
• Dissimilarity in pollution-mortality associations for different exposure models highlights the critical importance of reliable estimation of exposures on intra-urban spatial scales to avoid potential misclassification bias.
• The extent of dissimilarities noted between exposure models re-emphasises that inadequate human exposure classification will continue to be the one of the most challenging issues to address in future environmental epidemiology research; which emphasises the value of development of sufficiently extensive intra-urban pollution monitoring datasets to support improved epidemiological assessment.
Background:
North American [1] [2] [3] [4] and European epidemiological cohort studies [5] [6] [7] provide evidence that long-term exposure to air pollutants have adverse effects on health, which are more substantial than the effects associated with short-term exposures [8] [9] [10] . Earlier analyses relied on interurban variations in air pollution with discrete urban areas represented by single monitoring sites.
Subsequent attention has focused on exposure assignment determined from intra-urban variations in pollutant concentrations [2] . Extrapolating the findings from cohort studies in the USA and European countries to the population of the UK may not be appropriate because of variations in population demographics, cultural factors, and pollutant mixes. Correspondingly there are clear scientific and policy requirements for similar investigations within the UK [8] .
Scotland has one of the highest mortality rates in the world for coronary heart disease [11] and lung cancer [12] . These mortality rates have been intensively studied and related to wellcharacterised socio-economic, lifestyle and medical risk factors. The purpose of the work described here was to apply different exposure estimation methods to investigate if long-term exposure to air pollution contributes to excess cause-specific mortality, after adjusting for individual-level risk factors in two large cohorts in Scotland with mortality follow-up periods of up to 25 years.
Methods:
Cohort participants: The study used two of the Midspan prospective cohorts [13] . The Renfrew/Paisley cohort was recruited from residents aged 45 to 64 of two towns in West Central Scotland and comprised 78% of the target population with 15,402 participants recruited between 1972 and 1976 [14] . The Collaborative cohort comprised 7,028 participants from 27 workplaces in central Scotland, recruited between 1970 and 1973 [15] . Incomplete and incorrect postcodes, which could not be converted to grid references, restricted the number of participants selected for the present study to 15,331 and 6,680 for Renfrew/Paisley and Collaborative cohorts respectively. Participants in both cohorts completed a health-related questionnaire and attended a screening medical examination. The questionnaire collected data on gender, date of birth, marital status, smoking status, occupation and address (from which full postcode of residence and area-level deprivation category (DEPCAT) were derived) ( Table 1) . DEPCAT is evaluated at the level of postcode sectors (average population: 5,000) and is calculated from census statistics on proportion of population in households without access to a car, in overcrowded households, with the head of household in social class IV or V, and in households with unemployed men [16] .
Social class was derived using the UK Registrar General's classification based on occupation at time of screening [17] . Body mass index was calculated from measurements of height and weight.. Blood pressure was measured and a blood sample collected for measurement of plasma cholesterol [14] .
Diagnoses for causes of death were based on the International Classification of Diseases (9 th revision). Five outcome mortality classifications were used: all cause (all codes), cardiovascular (410-414, 426-429, 434-440, 786.5), ischaemic heart disease (410-414), respiratory (480-487, 490-496, 786.0, 786.2) and lung cancer (162). These cause of death groupings were chosen to be compatible with related studies of effects of short-term pollution exposure [18] . Follow up for date and cause of death was maintained until the end of 1998.
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Exposure modelling and assignment:
Participants in the Collaborative cohort were geographically dispersed throughout cities, towns and villages in the central part of Scotland ( Figure 1 ). The Renfrew/Paisley cohort participants were resident in a more localised area on the west side of the Glasgow conurbation. To provide an indication of geographical scale the contiguous conurbation of Glasgow, Paisley and Renfrew can be encompassed within a radius of 12 km, with Renfrew and Paisley encompassed by radii of 1.5 and 3.5 km respectively within this 12 km radius.
Daily black smoke (BS) measurements at 181 monitoring sites were obtained from the UK National Air Quality Archive [19] . BS is a metric of the optical darkness of airborne particulate matter collected on filter media [20] . Although quantified in units of µg m -3 BS concentrations do not equate directly to the mass of any particular size fraction of airborne particulate matter.
However, consistent standard calibrations (e.g. DETR [21] ) have been used for many decades to convert reflectance to nominal concentration such that BS data are important measures of historic levels of air pollution used widely in epidemiological studies. The DETR [21] calibration procedures were used in the computation of UK government archived BS data used in the present manuscript. The use of the BS metric as a measure of particulate matter air pollution is wellestablished in the epidemiological research community and has been shown to be a good marker for traffic and other primary combustion-related urban air pollution often at least as predictive of negative health outcomes as PM 10 or PM 2.5 [22] .
These BS data were collected at a time when there was a move away from using coal as the main source of domestic heating fuel under the implementation of the UK Clean Air Acts.
Quantitative emissions data for this period are relatively limited in detail. The location and times of operation of the sites were at the discretion of the local authorities and the central government agency responsible for air pollution. A substantial amount of BS data was missing at several sites. Three approaches were used to estimate average long-term exposure to BS between 1970 and 1979 for individual cohort participants. There were insufficient pollutant observations to model exposure in the 1980s and 1990s at the same spatial resolution [23] .
In the first approach, local knowledge of the geography and meteorological conditions in Scotland was used to allocate monitoring sites to 15 geographic regions ( Figure 1 ). Each region had ≥ 1 site with ≥ 60% available BS data. The following model was used to impute missing data and compute geometric mean daily BS for 1970-79 at sites within each region,
Where i indexes the sites and j indexes the observations within a site, t ij is time measured in days from 1/1/70; t * is time from 1/1/75; I(t i > t * ) = 1 when t i > t * and 0 otherwise; s i is a site specific intercept; day(t ij ) and month(t ij ) are factors for day of week and month respectively; and ε ij is an error term. Geometric mean daily BS exposure (1970-79) was estimated for each cohort individual using an inverse distance weighted average of geometric mean BS at the nearest (< 1 km) monitoring sites. If there were no sites within 1 km exposure was assigned the weighted average of the two nearest monitoring sites. In this method, cohort individuals' assigned exposure could only range from the minimum to the maximum of the nearest sites.
In the second approach, the 10-year average BS at each site (after imputation of missing values as before) was related to four local air quality predictors (LAQP): altitude above sea level (A); household density (HD) within a 250m buffer [24] ; distance to nearest major road (MR) (motorways and 'A' roads in 2001 from the National Atmospheric Emissions Inventory [25] ); and distance to the edge of the nearest urban boundary (UB) (derived from Ordnance Survey data). The model also included an indicator (UA.Ind) of whether the monitoring site was inside or outside a small (<17.7 km 2 ; cut-point defined by median area of urban areas containing monitoring sites) or large urban area. Five spatial regression models were examined in sensitivity analyses [23] . The most parsimonious configuration was a semi-parametric model with bivariate smooth trend of geographical coordinates, s(E,N), and parametric terms for LAQP, which was then used to predict 10-year average BS at each residential location.
where 1 β … 5 β are fixed effects parameters for LAQP.
The most detailed approach, multilevel spatio-temporal modelling (MultiBS), employed a combination of time series, imputation and spatial smoothing techniques to model the change in monthly BS simultaneously taking into account seasonal effects and LAQP.
(3)
Here i indexes the sites and j indexes the temporal observations; t ij is the number of months from January 1970; f(t ij ) is the BS temporal trend averaged over the population of all sites; g i (t ij ) is the deviation of the i th site from the population mean at time t ij (f(t ij ) and g i (t ij ) were modeled flexibly using penalised linear splines); sine and cosine terms model monthly seasonal effects with c 1 α , s 1 α as fixed-effect parameters; and 2 α … 5 α are fixed-effect parameters of LAQP.
The AMBS and MultiBS models were similar in that both used spatial smoothing to estimate participants' exposure by taking into account both air pollution concentrations at monitoring sites nearby their residences and local environmental determinants by means of LAQP. However the multilevel model has the ability to estimate coefficients between BS and LAQP in the presence of missing data, and hence was not dependent on the imputation techniques used to replace missing data in the first two approaches. BS exposures calculated by the three techniques are subsequently referred to as IDWBS, AMBS and MultiBS. Further details of the development, evaluation and application of these exposure models are given in Robertson et al. [23] .
We included only participants who lived within 5 km of the nearest sites for all three exposure models. Estimated 1970-79 geometric mean exposure concentrations at participants' residential addresses in Renfrew/Paisley ranged from 14.9 to 27.1 µg m -3 , 5.9 to 24.4 µg m -3 , and 6.4 to 28.7 µg m -3 for IDWBS, AMBS and MultiBS respectively; and in Collaborative ranged from 5.4 to 70.0 µg m -3 , 6.2 to 48.5 µg m -3 , and 4.6 to 55.3 µg m -3 respectively ( Table 1) .
The three exposure models were evaluated in a cross-validation study [23] . Monitoring sites with > 80% data coverage were identified and any missing data was imputed with a site-specific timeseries model with a flexible trend, month and day effects to give 39 sites with 'complete' data.
Ten-year mean BS concentrations at these 39 sites ranged from 8.9 µg m -3 to 48. Interpolated maps of BS concentrations were prepared from estimated BS exposure at address postcodes of cohort participants [23] . The AMBS and MultiBS models provided a much more consistent and (from local knowledge) plausible prediction of exposure at addresses of individuals than the IDWBS model (e.g. the IDWBS model failed to predict anticipated lower concentrations for many cohort addresses in residential areas in south Paisley as all estimates were constrained to remain within the high concentrations measured in the centre of Paisley).
Collectively the cross-validation and map visualisation suggest that the LAQP-based models produce a more realistic prediction of likely exposures in the cohorts [23] .
Survival Analysis: Associations between estimated long-term exposure to air pollution using the three different exposure models and cause-specific mortality were examined using Cox 
Results:
In analyses of the Renfrew/Paisley cohort ( 2(B) ).
The hazard ratios in both cohorts were largely unaffected by stepwise adjustment of risk factors (Table 3 ).
In sensitivity analyses using shared gamma frailty models there was no evidence for the There was no evidence of BS effect modification by gender, smoking or social class for all cause and specific causes of death for both cohorts (results not shown). Analyses based on the MultiBS exposure model in Renfrew/Paisley indicated highest hazard ratios for respiratory, followed by ischaemic heart disease, cardiovascular and all-cause mortality.
Discussion
BS-mortality associations for the AMBS exposure model were similar to those for MultiBS.
These findings are consistent with hypotheses of how air pollution may affect human health [10 26 ] and the limited evidence base (reviewed by [22] ) on BS-mortality associations from cohort [5 7 ] and cross-sectional studies [27] (Table 4 ). For example, observation of all-cause mortality HR of 1.10 (95% CI: 1.04-1.17) associated with an increment of 10 µg m -3 long-term MultiBS in this study is consistent with equivalent effect magnitudes in 2 other cohort studies that use BS as an exposure metric: in the Netherlands (all-cause mortality HR of 1.05 (1.00-1.11) [7] ); and in France (all-cause mortality HR of 1.07 (1.03-1.10) [5] ). These cohort-based risk estimates for all-cause mortality appear to be higher than similar risk estimates made in a small area ecological study in the UK (e.g. all-cause mortality HR = 1.019 (1.018-1.021) and 1.007 (1.006-1.009) for analyses before and after adjustment for area-level deprivation for 0-8 year exposure window [27] ). Relatively large BS-respiratory mortality associations are evident in the Midspan, NLCS-Air and GB small area studies (respiratory mortality was not examined separately in the PAARC study).
The IDWBS was anticipated a priori to be inadequate for estimation of the effects of local road In the reanalysis of the ACS and Harvard Six Cities cohorts, which assigned exposure based on community average concentrations, the hazard ratio for respiratory mortality was lower in magnitude than that for cardiovascular mortality with relatively wide confidence intervals [28] .
In contrast, in this study of the Renfrew/Paisley cohort using LAQP-based exposure estimation, the hazard ratio for respiratory mortality was higher in magnitude than for any of the other outcomes.
There are limitations in this study of the Midspan cohorts that are shared to a greater or lesser extent with most, if not all, cohort studies of long-term exposure to air pollution. These include Information regarding some potential risk factors, including smoking and body mass index, were only obtained at the time of recruitment. Hence, adjustments for changes in these factors, which might alter the risks of air pollution on health, could not be made. Information on education level was available for the Collaborative cohort, but not for the Renfrew/Paisley cohort. However, Davey Smith et al. [15] have shown that occupational social class can be a stronger predictor of health outcomes than education. Additionally, there is evidence that underlying social inequalities in health in the UK may be related more clearly to current social circumstances rather than childhood circumstances [15] .
The LAQP exposure models predicting air pollution concentrations include household density and distance to nearest road variables that may be associated with mortality independently of their association with air pollution (as indirect measures of area-level socio-economic conditions). This raises the possibility of confounding [31] . However, as pollution climate is highly (and highly plausibly) dependent on the LAQP variables, inclusion of these variables in To test further for possible socio-economic confounding an additional area-level measure of deprivation was added to the standard Cox model [32] . This measure has been shown to be related to multiple heath outcomes in the Renfrew/Paisley cohort [33] and to modify observed effects of short-term exposure to BS in the general population from which the cohort was sampled [34] . Additional adjustment for DEPCAT slightly attenuated the associations between long-term BS exposure and mortality ( The interpretation of this additional adjustment is similarly complicated by the possibility of 'over-adjustment' that may obscure underlying effects of pollution exposure as the area level DEPCAT variable is partly derived from individual level social class variables, and by the possibility that air pollution has a role in the contextual effect of neighbourhood-level deprivation on mortality [35] [36] [37] . Complexities of this nature may have contributed to inconsistent evidence found in reviews of the effect of socioeconomic status on the relationship between air pollution exposure and health [38] [39] and are subject to ongoing research developments (e.g. using multilevel analytical approaches) which continue to face conceptual and methodological challenges to establishing causal inference [40] . The detailed pollution exposure estimates produced for the Midspan cohorts may provide a useful dataset for future research as methodological progress is made. In the meantime it is re-emphasised that retrospective individual-level exposure estimation is just the best possible estimate of individual exposure within constraints of currently available information and analytical approaches and that the data in panels A and C, and B and D of Table 2 provides a range of HR estimates of the effects of air pollution between possible under-and over-adjustment for confounding in the combined exposure and survival models.
Conclusions:
The associations between mortality and long-term exposure to BS observed in this study in the Table 3 ). Panels (C) and (D) outline effect of adjustment for arealevel Deprivation Category in addition to above baseline risk factors. Exposure Model (a) Cause (b) Table 2 A and B (c) Model presented in Table 2C and D.
Figure 1:
Locations of cohort participants' residential addresses and black smoke monitoring sites.
